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PERK Is Required in the Adult Pancreas and Is Essential for
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Germ line PERK mutations are associated with diabetes mellitus and growth retardation in both rodents and humans. In con-
trast, late embryonic excision of PERK permits islet development and was found to prevent onset of diabetes, suggesting that
PERK may be dispensable in the adult pancreas. To definitively establish the functional role of PERK in adult pancreata, we gen-
erated mice harboring a conditional PERK allele in which excision is regulated by tamoxifen administration. Deletion of PERK
in either young adult or mature adult mice resulted in hyperglycemia associated with loss of islet and 3 cell architecture. PERK
excision triggered intracellular accumulation of proinsulin and Glut2, massive endoplasmic reticulum (ER) expansion, and com-
pensatory activation of the remaining unfolded-protein response (UPR) signaling pathways specifically in pancreatic tissue. Al-
though PERK excision increased (3 cell death, this was not a result of decreased proliferation as previously reported. In contrast,
a significant and specific increase in {3 cell proliferation was observed, a result reflecting increased cyclin D1 accumulation. This
work demonstrates that contrary to expectations, PERK is required for secretory homeostasis and [3 cell survival in adult mice.

he endoplasmic reticulum (ER) serves as a primary coordina-

tor of secretory protein maturation. Protein trafficking and
folding within the ER are under the surveillance of a signal trans-
duction pathway referred to as the unfolded-protein response
(UPR). The UPR pathway consists of three distinct signaling mol-
ecules, PKR-like kinase (PERK), inositol-requiring enzyme 1
(Irela/B), and the transmembrane transcription factor ATF6 (9);
signaling via these factors serves to adaptively adjust the func-
tional capacity of the ER. Any perturbation of this check-and-
balance mechanism will lead to misfolded-protein accumulation
in the ER and further affect cellular homeostasis.

Pancreatic 3 cells are specialized cells that synthesize and se-
crete insulin to control blood glucose levels. The precursor of
insulin, preproinsulin, is synthesized on the ribosomes of the
rough ER with a signal peptide, which is cleaved to generate pro-
insulin in the ER. In the lumen of the ER, proinsulin is properly
folded and then transported to the Golgi apparatus for packaging
and secretion. The conversion of proinsulin to insulin takes place
in the secretory granules, and subsequently, mature insulin is re-
leased by exocytosis (15). Physiologically, the amounts of insulin
biogenesis and secretion are partially determined by blood glucose
fluctuations and by PERK-dependent phosphorylation of eukary-
otic translation initiation factor 2 (elF2a), which, in turn, helps
adjust the amount of protein delivered into the ER lumen (8, 36).
In the absence of eIF2a phosphorylation, which has been achieved
via the generation of mice harboring a homozygous knock-in of
elF2aSer51/Ala, mice developed a severe diabetic phenotype (36),
demonstrating a requisite role for translational control during 3
cell development.

PERK expression is high in the mouse pancreas, and analogous
with findings in e[F2aSer51/Ala knock-in mice, PERK deficiency
during embryogenesis triggers permanent neonatal diabetes mel-
litus with exocrine pancreatic atrophy and reduced insulin secre-
tion (18, 42). The conventional PERK knockout phenotype is also
remarkably similar to that observed in individuals afflicted with
Wolcott-Rallison syndrome (WRS), a recessive disorder charac-
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terized by a loss-of-function PERK mutation (19, 37, 42, 43). Sur-
prisingly, additional work with mice in which PERK excision is
developmentally regulated suggests that embryonic day 14
through postnatal day 4 is in fact the only critical period for PERK
function; beyond this point, PERK function was not required
(43). However, whether PERK activity is required for adult glu-
cose homeostasis and the nature of the relationship between
PERK and {3 cell proliferation remain controversial.

Given recent work suggesting that the development of small-
molecule inhibitors of PERK may have significant utility in the
treatment of a variety of neoplastic diseases (2, 4), we set out to
definitively assess the importance of PERK in adult mice through
generation of an acutely inducible PERK knockout model. PERK
ablation in adult mice triggered B cell death, which was preceded
by the aberrant accumulation of immature insulin, activation of
the remaining UPR branches, and increased B cell proliferation.
Physiologically, this was accompanied by a loss of glucose homeo-
stasis and the onset of an acute diabetic phenotype. Thus, in con-
trast to previous studies, this work demonstrates that PERK func-
tion is essential for adult pancreatic homeostasis.

MATERIALS AND METHODS

Animal husbandry. Cre-ERT2; PERK"" (“I” indicates loxP) and Cre-
ERT2; PERK ™" mice were generated by intercrossing PERK”! or PERK ™!
mice to Cre-ERT2 heterozygous mice. Cre-ERT2; PERKwt mice were gen-
erated by intercrossing Cre-ERT2; PERK "' to PERK "/ mice or by mating
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wild-type mice to Cre-ERT2 mice. For PERK deletion, tamoxifen (TAM;
Sigma) was administered once a day via oral gavage for 5 days at a dose of
0.20 mg/g of body weight/day. Time post-tamoxifen treatment was deter-
mined from end treatment. Pdx1-CreER; PERK"! mice were generated by
intercrossing Pdx1-CreER with PERK” mice. The genotypes were verified
by PCR using tail, pancreas tissue, and islet DNA.

Blood glucose was measured using a Freestyle meter (TheraSense,
Inc.). Insulin concentrations were determined by enzyme-linked immu-
nosorbent assay (ELISA) using mouse insulin as a standard (Crystal
Chem). Glucose tolerance tests (GTT; glucose at 2 g/kg of body weight by
oral gavage) and insulin tolerance tests (ITT; insulin at 1 IU/kg of body
weight, given intraperitoneally [i.p.]) were conducted. For insulin rescue,
mice received a subcutaneous injection of phosphate-buffered saline
(PBS) orinsulin (5 IU/kg or 10 IU/kg; Novolin) for 4 weeks, and the whole
pancreas was harvested for immunostaining analysis.

Insulin secretion and cytosolic Ca>* measurements in isolated is-
lets. Tslet isolation, perifusion, and cytosolic calcium ([Ca**],) measure-
ment were described previously (27, 28). In brief, islets were isolated from
2 or 3 mice from each genotype by collagenase digestion and cultured with
10 mM glucose in RPMI 1640 medium (Sigma) for 3 to 4 days. Islets were
perifused in a Krebs-Ringer bicarbonate buffer (KRBB) with 0.25% bo-
vine serum albumin (BSA) at a flow rate of 1 ml/min. Insulin was mea-
sured by radioimmunoassay. [Ca?"]; was measured by dual-wavelength
fluorescence microscopy using a Zeiss AxioVision system.

Immunohistochemistry, BrdU incorporation, and terminal deoxy-
nucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) assays. Mice were sacrificed, and tissues were harvested and
fixed in 4% paraformaldehyde for 12 to 16 h. Tissues were washed with
PBS, dehydrated in gradient ethanol, and embedded in paraffin. Tissue
sections (5 wm) were subjected to immunostaining using primary anti-
bodies against the following: insulin (Invitrogen), proinsulin (Ole D.
Madsen, Beta Cell Biology Consortium), Glut2 (Millipore), Glut4
(Abcam), bromodeoxyuridine (BrdU) (Rockland), and ApoE (Abcam).
Paraffin-embedded tissue sections were incubated with anti-BrdU anti-
body. Secondary antibodies labeled with Cy2, Cy3, or Cy5 (Jackson Im-
munoResearch Laboratories Inc.) were applied following the primary
antibody incubation. Nuclear staining was performed with 4'6-di-
amidino-2-phenylindole (DAPI) (Promega).

Mice were labeled continuously with BrdU by substituting drinking
water with bottles containing 1 mg/ml BrdU (Sigma) for 1 or 2 weeks.
Immunostaining was performed, and photomicrograph images were cap-
tured with a Hamamatsu Orca ER digital camera.

TUNEL was performed using Cy5-labeled reagents (Roche) on rehy-
drated and trypsin-predigested pancreas sections. Sections were subse-
quently stained for insulin and appropriate secondary antibody according
to the description above.

qPCR. Total RNA was extracted from purified mouse islets using
TRIzol (Invitrogen) by following the manufacturer’s instructions.
cDNA was synthesized by using Moloney murine leukemia virus
(MMLV) reverse transcriptase III and random primers (Invitrogen) ac-
cording to the manufacturer’s protocol. Quantitative real-time PCR
(qPCR) assay was prepared by using Sybr PCR mix (Applied Biosystems)
and amplification using the ABI Prism 7000 sequence detection system
(Applied Biosystems) with the following primers: Bip (F), 5'-ACCCTTA
CTCGGGCCAAATT-3'; Bip (R), 5'~-AGAGCGGAACAGGTCCATGT-
3’; Grp94 (F), 5'-CTGGGTCAAGCAGAAAGGAG-3'; Grp94 (R), 5'-TC
TCTGTTGCTTCCCGACTT-3'; EDEM (F), 5'-TTCCAGCCTTTGAAA
ACACC-3'; EDEM (R), 5'-TGCTGTCAGGAGGAACACCT-3'; CHOP
(F), 5'-CCAACAGAGGTCACACGCAC-3"; CHOP (R), 5'-TGACTGGA
ATCTGGAGAGCGA-3'; Derl (F), 5'-CACCAGCCATGCTAAGCAGA-
3";Derl (R), 5'-TCAGTGTGGGTCAGGTCCAAG-3'; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (F), 5'-GGAGCGAGACCCCACTA
ACA-3'; and GAPDH (R), 5'-ACATACTCAGCACCGGCCTC-3'.

Western analysis. Islets purified from 3 to 5 mice of each genotype
were lysed in Tween 20 buffer containing 50 mM HEPES (pH 8.0), 150
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mM NaCl, 2.5 mM EGTA, 1 mM EDTA, 0.1% Tween 20, and protease and
phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride, 20 U of
aprotinin/ml, 5 mg of leupeptin/ml, 1 mM dithiothreitol [DTT], 0.4 mM
NaF, and 10 mM B-glycerophosphate). Lysates were sonicated prior to
clearing by centrifugation at 4°C for 30 min. Lysate protein concentration
was determined by bicinchoninic acid (BCA) assay, and proteins were
resolved by SDS-PAGE, transferred to nitrocellulose membranes, and
subjected to immunoblotting. Antibodies utilized include antibodies
against p-elF2a (S51), Bip, elF2a (Invitrogen), cyclin D1 mouse mono-
clonal D1-72-13G, ATF6 (Abcam), XBP1 (Santa Cruz), Cul4a (Bethyl),
Irela (Cell Signaling), and B-actin (Sigma) and p-JNK antibodies from
Cell Signaling Corp.

Statistical analysis. Data are presented as means * standard errors of
the means (SEM). For two-group comparison, a two-tailed Student # test
was used; for multiple-group comparison, one-way analysis of variance
(ANOVA) (Igor) was used. A Pvalue of <0.05 was considered statistically
significant.

RESULTS

Generation of acute PERK knockout mice. To generate mice in
which PERK could be inducibly excised, we intercrossed mice
with a Ubc9 promoter-driven Cre-ERT?2 transgene with mice har-
boring a floxed allele of PERK (PERK"'), thereby generating a
Cre-ERT2; PERK" genotype. Tamoxifen was administered at 8 to
12 weeks (young adult) or 6 months (aging cohort) to generate
the following genotypes: PERK knockout (PERK*“); PERK
heterozygous (PERK*/%); PERK wild type (WT), including Cre-
ERT?2; PERKwt (without loxP sites); and PERK"! (loxP sites, no
Cre-ERT2) (Fig. 1A) (34, 42). PERK excision efficiency was esti-
mated to be 60 to 70% (see Fig. S1A in the supplemental material).
Significantly, PERK protein levels were undetectable in pancreata
from PERK*® mice (Fig. 1B). PERK*'* mice exhibited mildly
reduced growth when excised at 8 weeks of age (Fig. 1C, photos I
and II), while PERK*'* mice were negligibly smaller than wild-
type mice (data not shown). Strikingly, there was no body size
difference between the various genotypes when PERK excision
was performed in mice at 6 months of age (Fig. 1C, photos III
and IV).

Acute PERK excision triggers diabetes mellitus. To address
any requirements for PERK in the maintenance of glucose homeo-
stasis in adult mice, 8-week-old and 6-month-old Cre-ERT2;
PERK" and control mice were treated with TAM and maintained
on a normal chow diet; blood glucose levels were subsequently
monitored at regular intervals (Fig. 1D and 2A). Regardless of the
age of excision, PERK*/* mice exhibited moderate hyperglycemia
(~200 mg/dl) by 1 month postexcision and progressively devel-
oped severe hyperglycemia (>500 to 600 mg/dl) within 2 months.
Glucose tolerance tests (GTT) revealed an inability of PERKY/A
mice to regulate glucose levels (Fig. 1E); knockout mice also ex-
hibited decreased insulin secretion in response to glucose chal-
lenge (Fig. 1F). Critically, we noted that PERK™'* mice were eu-
glycemic at fed status and responded normally in GTT (Fig. 1E),
although insulin secretion was decreased compared to that in
PERK wild-type (WT) mice following challenge (Fig. 1F). We also
noted that the plasma insulin levels in PERK-deficient mice were
significantly reduced relative to those in age-matched controls,
while no significant difference between PERK™/* and wild-type
mice was noted (see Fig. S1B in the supplemental material). More-
over, insulin tolerance tests (ITT) revealed that acute PERK exci-
sion did not abolish insulin sensitivity in peripheral tissues (see
Fig. S1C), suggesting this diabetic phenotype reflects a lack of
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FIG 1 Inducible PERK excision affects glucose homeostasis in adult mice. (A) Schematic representation of experimental design. At the age of 8 to 12 weeks or
6 months, Cre-ERT2; PERK”' and Cre-ERT2; PERK """ mice were treated with TAM by oral gavage for 5 days to generate PERK knockout (PERK*/*) and
heterozygous (PERK /) mice. PERK"' and Cre-ERT2; PERKwt mice were also treated. Random-feeding blood glucose was measured every 5 or 7 days for all the
cohorts. (B) Western analysis of pancreatic lysates isolated from PERK*4, PERK*/%, PERK"!, and Cre-ERT2; PERKwt mice 1 week after TAM treatment and
Cre-ERT2; PERK ™' (—TAM) using anti-PERK serum. (C) Photo I, PERK"! (left) and Cre-ERT2; PERK"" (right) (—TAM) mice 8 weeks of age, before TAM
treatment; photo IT, PERK*/* (left) and PERK"' (right) mice subjected to TAM-induced PERK excision at 8 weeks of age, 12 to 16 weeks post-TAM treatment;
photo ITI, PERK"! (left) and PERK™/A (right) mice; photo IV, PERK"" (left) and PERK ™ A (right) mice. For photos Il and IV, PERK excision was done at 6 months
of age and body size was assessed at 12 to 16 weeks post-TAM treatment. (D) Blood glucose was measured every 5 days after TAM treatment (1 = 5 to 8 mice in
each case; mean * SEM). ¥, P < 0.05. (E) Glucose tolerance test (n = 5 to 7 mice in each case; mean = SEM) was performed by oral gavage at 12 weeks post-TAM
treatment. *, P < 0.05 (PERK*’* mice versus Cre-ERT2; PERKwt, PERK*/4, and PERK" mice). (F) Blood was sampled for secreted insulin at 0 and 15 min after
glucose (Glu) delivery during GTT. *, P < 0.05 (0 min versus 15 min); #, P < 0.01 (PERK ™ mice versus Cre-ERT2; PERKwt and PERK”' mice at 15 min),
mean * SEM.

insulin production and/or secretion. A significant reduction in
body weight was noted at later stages following PERK loss and may
reflect a role of PERK in additional secretory cell compartments
besides the pancreas (see Fig. SID) (29, 42).

PERK excision is accompanied by pancreatic atrophy and
death of insulin producing f3 cells. Given the profound effect of
PERK loss on glucose homeostasis, we reasoned that pancreatic
dysfunction should be a contributing factor. Indeed, increasing
pancreatic atrophy was noted following excision of PERK (Fig. 2C
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and 3B) independent of age and body size. Because acinar cells
make up a majority of pancreatic mass, we infer that PERK loss
triggered acinar cell loss and potentially death of endocrine cells
given the profound increase in glucose levels. Indeed, hematoxy-
lin-and-eosin-stained sections of pancreata from mice in which
PERK had been excised revealed a significant reduction in islet size
and integrity (Fig. 2B and 3A). We also assessed the structural
integrity of individual B cells and of acinar tissue by electron mi-
croscopy. In B cells, the number of mature secretory granules was
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FIG 2 PERK excision at 6 months of age triggers diabetes mellitus by 4 weeks postexcision. (A) Perk was acutely excised in 6-month-old mice. Blood glucose was
measured regularly after the final TAM treatment, day 0 (n = 4 to 9 mice in each case, mean = SEM). ¥, P < 0.01 (PERK*2 mice versus PERK /2 and PERK"!
mice). (B) Mice were sacrificed 10 weeks post-TAM treatment and the whole pancreas was harvested for hematoxylin-eosin staining (40 X ). (C) Whole pancreata
harvested from PERK*’* and control mice 16 weeks post-TAM treatment. (D) TUNEL staining in PERK”’2 and control mice (1 = 4 to 5 mice in each case,
mean = SEM). *, P < 0.05 (PERK*/* mice versus Cre-ERT2; PERKwt, PERK */2, and PERK"! mice). (E) Mice were continuously fed drinking water containing
BrdU (1 mg/ml) for 1 week before sacrifice at 3 weeks post-TAM treatment. **, P < 0.01 (n = 4 to 5 mice in each case, mean = SEM).

reduced and was accompanied by an increase in immature gran-
ules (Fig. 3C). Nuclei were generally distorted and compressed by
membrane-bounded cisternae. The ER was grossly distended and
filled with electron-dense material suggestive of abnormal reten-
tion of newly synthesized protein and consistent with accumula-
tion of proinsulin in perinuclear structures (Fig. 4A). We also
noted that the level and distribution of proinsulin in knockout 3
cells were distinctly different from those of the mature insulin-
producing cells in wild-type islets (see Fig. S3 in the supplemental
material), consistent with proinsulin accumulation resulting from
impaired protein maturation and potentially a consequence of
decreased translational control in the absence of PERK. Conse-
quently, insulin mRNA level was not increased (data not shown).
Acinar cells also exhibited a significant disruption of ER structure
and integrity (Fig. 3C).

To address whether the onset of diabetes triggered by PERK
excision is cell autonomous, we intercrossed Pdx1-CreER mice
with PERK" mice to generate mice with the Pdx1-CreER; PERK"!
genotype (14). Critically, Pdx1 expression is restricted to pancre-
atic B cells in adult mice (22). Pdx1-CreER; PERK” "and control
mice were treated with either TAM or vehicle (Fig. 5A). We con-
firmed that PERK was excised only in 3 cells and not in the adja-
cent acini in B-specific PERK*'* mice (Fig. 5B). Critically, B-spe-
cific PERK*'* mice developed diabetes mellitus by 1 month post-
TAM treatment (Fig. 5C). Analysis of pancreatic tissue from
global PERK and B-specific PERK*/* mice revealed similar islet
histologies, including reduced islet number and islet size (Fig.
5D), but without the pancreatic atrophy that occurs following
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global PERK excision (data not shown). This result suggests that
PERK deficiency regulates B-cell homeostasis in a cell-autono-
mous manner.

Reduced cellularity of the pancreas could reflect increased cell
death, decreased proliferation, or a combination of both. Previous
reports regarding the contribution of increased 3 cell death versus
decreased B cell proliferation to the reduction in islet size and
function were based on either a conventional PERK knockout
mouse model or one wherein PERK is deleted during late embry-
onic development (18, 43). With regard to 3 cell proliferation, it is
important to consider that following early postnatal development,
B cells are postmitotic, with fewer than 1% of the cells cycling (13,
40). With this knowledge, we reasoned that a reduction in {3 cell
proliferation was unlikely to significantly contribute to the ob-
served phenotype. We initially assessed 3 cell death using a
TUNEL assay at 3 weeks post-TAM treatment (Fig. 6A, excision at
8 weeks; Fig. 2D, excision at 6 months). This time point was cho-
sen because this is the time when blood glucose levels are only
modestly elevated. At this time point we noted a significant in-
crease in TUNEL-positive cells, consistent with elevated cell death.
We also observed increased TUNEL-positive 3 cells in PERK-
excised islets as early as 1 week post-TAM treatment (see Fig. S2A
in the supplemental material), suggesting that 3 cell death is rap-
idly induced following PERK excision.

It has also been suggested that oncosis, a type of cell death
characterized by cell swelling, vacuolization, chromatin fragmen-
tation, and increased membrane permeability (31), occurs follow-
ing PERK excision. We did note this morphology in PERK-defi-
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cient 3 cells, although this morphology can also reflect a more
general cell morphology of accumulating misfolded proteins
within secretory organelles (see Fig. S2B in the supplemental ma-
terial). To more directly assess the contribution of oncosis, we
stained pancreata for apolipoprotein E (ApoE), a serum protein
that can be passively taken up through a compromised plasma
membrane during oncotic cell death (24). We did note some
ApoE-positive acinar cells dispersed in the pancreata of PERK-
deficient mice at 3 weeks post-TAM treatment (see Fig. S2C) but
relatively few positive 3 cells (although the amount was statisti-
cally significant relative to that of the control) (see Fig. S2D). We
conclude that apoptotic death and, to a lesser degree, oncosis con-
tribute to decreased pancreatic cell number.

While the reduction in B cell and islet numbers is clearly a
reflection of increased cell death, we were compelled to directly
assess the proliferative capacity of PERK-deficient 3 cells given the
previous evaluation of the role of proliferation during late embry-
onic pancreas development (43) as well as the impact of PERK
deletion on the proliferative nature of tumor cells (4). Mice were
continuously labeled with BrdU for 1 week starting from the pre-
diabetic stage (2 weeks post-TAM treatment) or for 2 weeks at a
frank diabetic stage. A significant increase in the percentage of
proliferating B cells in all pancreata from PERK-deficient mice
was noted regardless of the age at which PERK was excised (Fig. 2E
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and 6B and C). This result demonstrates that 8 cell loss is not a
direct result of decreased proliferation. The increased prolifera-
tion following PERK excision may reflect PERK’s established abil-
ity to regulate key cell division proteins such as cyclin D1 and
thereby prevent inappropriate proliferation (6, 16). To test this
hypothesis, we assessed cyclin D1 expression by immunofluores-
cence and by immunoblotting using purified islets. Cyclin D1 ex-
pression was elevated significantly in PERK-excised 3 cells (Fig.
6D); importantly, assessment was made in mice with only mod-
estly elevated glucose rather than late-stage diabetic mice to elim-
inate confounding effects of high glucose levels on cyclin D1 ex-
pression (11, 12). A robust increase in cyclin D1 accumulation was
also noted by immunoblotting; this increase was accompanied by
a coordinate increase in phosphorylated Rb consistent with in-
creased, functionally active cyclin D1-dependent kinase com-
plexes (Fig. 7A, right).

PERK excision results in ER malfunction and activation of
UPR signaling. Since PERK excision resulted in the rapid and
dramatic impairment of 3 cell function and survival, we reasoned
that PERK loss should compromise protein quality control in the
ER, resulting in the accumulation of misfolded proteins, with mis-
folded insulin, proinsulin, and glucose transporters (e.g., Glut2)
being of particular significance. Consistent with this supposition,
we noted accumulation of Glut2 in perinuclear regions in

mcb.asm.org 5133


http://mcb.asm.org

Gao et al.

A PERK&A
i 1 wk 2 wks 3 wks 3 wks
PERK (76 mg/dl) (171 mg/di) (114 mg/di) (339 mg/di)
Glut2
Glut2+
Proinsulin
B
24 *
5 s
§ hoApAr A g
P JAAASIRRSAG A AR A S
g . g
3 3
& | —wr s
S —KO 3
H Ly 4 H 0 T T T T T 1
0. 480 600 00 500 1000 1500 2000 2500 3000 3500
Duration of Perifusion (sec) - . Duration of Perifusion (sec)
i f v
° G, 25| = - G, 25
% 3] —=G.10 2] —=G. 10
= | G,5 é G,5 " \ :
2 o [l f i ‘
§ 1= g e Ut
& 1 £ 1
o o
S S
- 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500

500
Duration of Perifusion (sec)

Duration of Perifusion (sec)
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immunofluorescent staining of Glut2 (red) in PERK"' or PERK*/2 8 cells 3 weeks post-TAM treatment; the bottom row provides representative immunofluo-
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observed. The colored solid line represents the mean, and the vertical gray line represents the SEM. *, P < 0.01 (PERK*'* mice versus PERK"' mice).

PERK*'* islets by 3 weeks and proinsulin by 1 week post-PERK
excision (Fig. 4A). The noted inappropriate accumulation oc-
curred prior to the gross abnormalities in blood glucose levels,
suggesting that ER malfunction occurred in early, prediabetic
cells. The ER accumulation of glucose transporters was not ob-
served in the liver or peripheral tissues such as adipose or muscle
tissue (see Fig. S4A, B, and C in the supplemental material). In
addition, we detected no obvious pathological changes in the sal-
ivary glands of PERK knockout mice (see Fig. S4D), highlighting
the importance of PERK function within the pancreatic islet. Al-
though blood glucose levels were only slightly elevated at this time,
purified islets from PERK** mice did not exhibit a statistically
significant reduction in glucose-stimulated insulin secretion
(GSIS) with gradually increasing glucose concentrations (glucose
ramp) with normal basal insulin secretion (see Fig. S5A in the
supplemental material), demonstrating that insulin secretion is
compromised at this early time point. These results are suggestive
of a general defect in protein maturation in the ER.
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The ATP-sensitive K™ (K,yp) channels play a critical role in
coupling membrane excitability to GSIS to maintain blood glu-
cose within a narrow physiological range in islet {3 cells. Increased
glucose metabolism results in elevated intracellular [ATP]:[ADP],
closure of K, channels, and membrane depolarization, thereby
inducing voltage-dependent Ca®>" entry, which then triggers insu-
lin secretion. Conversely, a decrease in metabolic signals opens
Kurp channels and suppresses the electrical trigger of insulin se-
cretion (25, 33). To determine whether a protein maturation de-
fect extends to K,p channels, we assessed K, 1p functionality by
employing glyburide (an antagonist of K, channels) to effec-
tively inhibit Ky channel activity on the B cell membrane, prior
to assessing insulin release. As shown in Fig. S5B and C in the
supplemental material, no significant difference in insulin release
was observed in PERK-excised islets relative to control islets chal-
lenged with either the glyburide ramp or maximal depolarization
of the cytoplasm membrane (KCI, 30 mM).

The ER is a major cellular calcium storage organelle, and ER
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calcium homeostasis is critical for protein folding and processing
(35). Low glucose concentrations lead to a concentration-depen-
dent reduction in [Ca®" ]y that parallels an increase in PERK
activation (32), implicating PERK as a potential Ca** sensor in the
ER. However, there is no clear evidence to show when and how
Ca”" signals behave abnormally after PERK acute loss in islets. We
monitored [Ca®"]; regulation in purified islets at 1, 2, and 3 to 5
weeks (a point where blood glucose was >300 mg/dl) after PERK
excision. While basal [Ca** ], was elevated (Fig. 4B, graph i), Ca*"
oscillation in response to serial glucose concentrations (5, 10, and
25 mM) in PERK-excised islets was decreased (Fig. 4B, graphsi to
iv), supporting a disturbance in [Ca®"]; homeostasis in predia-
betic PERK-deficient islets.

Activation of Ire and ATF6 signaling in PERK-excised islets.
Loss of PERK is expected to deregulate protein flux through the
ER, contributing to increased protein misfolding, which should,
in turn, increase ER stress, resulting in increased flux through the
remaining intact UPR signaling pathways. We interrogated the
activation status of Irel and ATF6 by immunoblotting lysates gen-
erated from purified islets generated from PERK knockout and
control mice at a prediabetic stage (1 or 2 weeks postexcision).
Consistent with deletion of PERK, we did not observe increased
p-elF2a in PERK-excised islets (Fig. 7A). In contrast, we noted a
significant increase in BiP (both mRNA and protein levels), Irel,
and p-JNK, whose activation is dependent on Irel (Fig. 7A, top,
and B) (23). We also observed increased accumulation of spliced
Xbpl (sXBP1) protein (Fig. 7A, bottom), consistent with in-
creased Irel activity. Grp94 mRNA levels were also significantly
increased (Fig. 7B). Moreover, PERK excision was accompanied
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by increased accumulation of cleaved ATF6 (Fig. 7A, bottom). As
expected, the mRNA levels of chop, Der-1, and EDEM, the last two
being PERK-regulated components of the ER-associated protein
degradation (ERAD) pathway, were not significantly changed
(41).

The data provided reveal significant distention of 8 cell ER
(Fig. 3C), likely a reflection of accumulation of misfolded proteins
(e.g., proinsulin and Glut2 [Fig. 4A]), ultimately triggering acti-
vation of the remaining branches of the UPR and cell death. We
reasoned that if the demand for endogenous production of insulin
in the mature islet could be reduced, then ER stress and proteo-
toxicity should be decreased in PERK-excised islets and thereby
reduce 3 cell death. To test this, exogenous insulin was adminis-
tered, at the time of PERK excision, to reduce the need for in-
creased insulin synthesis and secretion. At 3 weeks post-PERK
deletion, a point where loss of islet integrity routinely becomes
apparent histologically along with increased B cell death, a signif-
icant increase in B cell death was again noted in PERK-excised
islets. However, insulin treatment decreased the fraction of
TUNEL-positive (3 cells relative to that obtained with vehicle
treatment (Fig. 7C). These results demonstrate that a treatment
that reduces protein load in the ER (e.g., insulin) of 3 cells reduces
cell death, consistent with protein misfolding functioning as the
cell death trigger.

DISCUSSION

PERK is a key regulator of protein translation, particularly at
points where the functional capacity of the secretory apparatus of
cells is overwhelmed by protein influx. During these periods,
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PERK-dependent inhibition of protein translation and cell cycle nous stresses that compromise ER folding capacity (10). In vivo,
progression provides a window of opportunity for cells to re- conventional PERK knockout mice develop neonatal diabetes and
equilibrate and thereby prevent irreparable damage (7, 20). exhibit phenotypes consistent with compromised protein matu-
PERK-deficient cells are particularly sensitive in vitro to exoge- ration in secretory tissues during postnatal development (18, 42,
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asindicated. T cell lymphoma 6814 was treated with thapsigargin for 16 h and served as a positive control. ATF6, sXBP1, and cyclin D1 blots use the same loading
control. *, P < 0.05 (PERK*'* mice versus PERK"' mice). (C) 8 cell death was assessed by TUNEL at 3 weeks post-TAM treatment. Mice received insulin (5 IU/kg
or 10 IU/kg) or PBS once daily from onset of TAM administration. Green, insulin; red, TUNEL. Arrows indicate TUNEL, insulin (ins), and DAPT triple positive
cells. The graph represents quantification of TUNEL-positive and insulin-positive cells (n = 4 to 6, mean = SEM). *, P < 0.01 (PERK*/* mice [ins, 5 IU/kg or
10 TU/kg] versus PERK*2 mice [PBS]). #, P < 0.01 (PERK** mice [ins, 5 U/kg or 10 IU/kg] versus PERK"" mice [PBS or ins]).

43). Consistent with a requisite role for PERK in maintaining pan-
creatic and glucose homeostasis, mice that harbor nonphosphor-
ylatable elF2« alleles (eIF2aS51A) also exhibit severe defects in
pancreatic function and glucose homeostasis (36).

It should be noted that the pancreatic phenotype previously
described was suggested to reflect a unique role for PERK from the
late embryo (embryonic day 13.5) to early postnatal (postnatal
day 4) stage (43). However, it remained plausible that this conclu-
sion reflects employment of an approach which utilized late em-
bryonic deletion of PERK driven by a developmentally regulated
Cre allele, resulting in a slow decline in PERK levels which ulti-
mately favored compensatory action by the remaining elF2a
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kinases, as has been observed in cultured cells (16). To directly
address the role of PERK in adult tissue, we used a tamoxifen-
inducible Cre allele driven by a ubiquitous promoter to excise perk
in young adult and fully mature mice. Because of recent interest in
targeting PERK as a mechanism to antagonize neoplastic growth
(2—4), we utilized this genetic approach to interrogate PERK func-
tion in adult tissue, as it approximates what might be achieved
using small-molecule inhibitors of PERK. Regardless of the age at
which PERK was excised, rapid and profound pancreatic atrophy
was observed; this was paralleled by a specific loss of both insulin-
producing {3 cells and exocrine acinar tissue. This was accompa-
nied by the onset of hyperglycemia within 3 to 4 weeks of PERK
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deletion. Regular monitoring of blood glucose in mice maintained
on normal chow revealed blood glucose levels increasing signifi-
cantly by 3 weeks post-PERK excision and ultimately reaching
levels above 600 mg/dl 8 weeks postexcision. As would be ex-
pected, mice were glucose intolerant and exhibited low levels of
circulating insulin, suggesting a defect in insulin production; mice
still remained responsive to exogenous insulin.

Since PERK regulates protein synthesis and thus protein load
in the ER, we anticipated that reduced insulin content might result
from luminal accumulation of proinsulin, a result of a failure to
process newly synthesized protein. Consistent with this notion, we
noted increased perinuclear accumulation of proinsulin and
Glut2. Electron microscopic analysis revealed distorted and en-
gorged ER structures frequently containing electron-dense mate-
rial. Strikingly, the reduced membrane targeting of glucose trans-
porters was specific to B cells, as no such alteration was noted in
multiple other tissues. In addition, we failed to note aberration in
other secretory tissues such as the salivary gland (see Fig. $4D in
the supplemental material) and mammary tissue (5). Collectively,
these observations suggest that in the absence of PERK, protein
maturation in the ER of {8 cells is significantly compromised.

Although B cells are weakly proliferative in mice by 8 weeks of
age, we noted that PERK excision was accompanied by a signifi-
cant increase in {3 cell proliferation. This is in contrast to the phe-
notype of mice in which deletion of PERK during late embryonic
development appears to result in reduced proliferation (43). The
noted increase in proliferation occurs coordinately with overex-
pression of cyclin D1, a regulator of cell cycle reentry and G,
progression (6, 16, 38), likely a feature of increased cyclin D1
translation, which has previously been observed in PERK-defi-
cient cells (16). Indeed, increased cyclin D-dependent kinase ac-
tivity in 3 cells is sufficient to increase proliferation (11, 39). Al-
ternatively, the increase in proliferation could also reflect
increased levels of glucose, which acts as a potent 3 cell mitogen.
While these mechanisms are not mutually exclusive, increased
proliferation is noted at time points where glucose levels are only
marginally elevated, suggesting that the primary cause pertains to
reduced PERK-dependent translational inhibition of cyclin D1
and the secondary cause is a glucose-dependent mitogenic effect.

With the dramatic increase in proliferation, what is the under-
lying cause of B cell and islet loss? PERK excision was accompa-
nied by a distinct and significant increase in  cell death. This
would suggest that increased proliferation is not sufficient to
maintain 3 cell mass. In fact, inappropriate S-phase entry, which
can be triggered by cyclin D1, can contribute to apoptosis (17).
However, it is important to consider that in the context of 3 cells,
previous work suggests that increased cyclin D1- or D2-depen-
dent catalytic activity can increase 3 cell proliferation without
compromising survival (21, 39). Indeed, a more likely cell death
trigger is the accumulation of misfolded proteins in the ER due to
loss of translational control by PERK. The ensuing ER stress would
then trigger activation of other branches of the UPR such as Irel
and ATF6 as well as their downstream targets Xbp1 and JNK (23),
resulting in activation of proapoptotic signaling pathway. While
oxidative stress is implicated in B cell damage and death both in
elF2aS51A homozygous mice (1) and in tissue-specific PERK
knockout models (4), we failed to detect increased reactive oxygen
species (ROS) accumulation in PERK-deficient islets, which
should accompany oxidative stress.

What is the relative importance of 3 cell death versus B cell
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dysfunction? PERK excision at 1 week post-TAM treatment has
little effect on insulin release stimulated either by glucose or by
glyburide in isolated primary islets. However, the basal [Ca**]; in
PERK-excised islets does increase significantly, and this is accom-
panied by increased proapoptotic phospho-JNK signaling, which
could potentially affect B cell metabolism and survival. Indeed, we
noted increased apoptotic B cell death 1 week post-PERK excision,
suggesting that a fraction of 8 cells die at this very early stage after
PERK loss. Thus, B cell death rapidly ensues upon PERK loss and
progressively increases concurrent with increased accumulation
of proinsulin.

In the current study, we introduced an acute PERK deletion
system which, unlike other approaches, allowed us to assess PERK
function in mature islets postdevelopment. The results provided
demonstrate that in contrast to previous predictions (43), loss of
PERK function triggers the rapid onset of insulin-dependent dia-
betes regardless of age. An important remaining issue is whether
PERK is a viable target for anticancer therapy. Ample evidence
supports a role for PERK in the facilitation of tumor progression
and tumor metastasis (4, 26, 30). Tumors generally utilize intrin-
sic survival pathways to maintain homeostasis under suboptimal
growth conditions and thereby prevent cell death; an addiction to
these prosurvival pathways has been referred to as “nononcogene
addiction,” and such pathways are now considered potential ther-
apeutic targets for cancer. If PERK does not play a requisite role in
adult tissue homeostasis but is required for tumor cell growth and
survival, generation of small-molecule regulators of PERK would
be highly attractive. However, our results suggest that while use of
small-molecule PERK inhibitors may have significant antineo-
plastic activity, PERK inhibition will also be associated with islet
dysfunction and onset of insulin-dependent diabetes. However,
our data also suggest that insulin supplementation may reduce
protein load and offset 3 cell death and thereby prevent diabetes
occurrence. Additional work is required to discern the feasibility
of such approaches.
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